A likely mechanism of chromosomal rearrangement formation involves joining the ends from two different chromosomal doublestrand breaks (DSBs). These events could potentially be mediated by either of two end-joining (EJ) repair pathways [canonical nonhomologous end joining (C-NHEJ) or alternative end joining (ALT-EJ)], which cause distinct rearrangement junction patterns. The relative role of these EJ pathways during rearrangement formation has remained controversial. Along these lines, we have tested whether the DNA damage response mediated by the Ataxia Telangiectasia Mutated (ATM) kinase may affect the relative influence of C-NHEJ vs. ALT-EJ on rearrangement formation. We developed a reporter in mouse cells for a 0.4-Mbp deletion rearrangement that is formed by EJ between two DSBs induced by the Cas9 endonuclease. We found that disruption of the ATM kinase causes an increase in the frequency of the rearrangement as well as a shift toward rearrangement junctions that show hallmarks of C-NHEJ. Furthermore, ATM suppresses rearrangement formation in an experimental condition, in which C-NHEJ is the predominant EJ repair event (i.e., expression of the 3′ exonuclease Trex2). Finally, several C-NHEJ factors are required for the increase in rearrangement frequency caused by inhibition of the ATM kinase. We also examined ATM effectors and found that H2AX shows a similar influence as ATM, whereas the influence of ATM on this rearrangement seems independent of 53BP1. We suggest that the contribution of the C-NHEJ pathway to the formation of a 0.4-Mbp deletion rearrangement is enhanced in ATM-deficient cells.
A likely mechanism of chromosomal rearrangement formation involves joining the ends from two different chromosomal doublestrand breaks (DSBs). These events could potentially be mediated by either of two end-joining (EJ) repair pathways [canonical nonhomologous end joining (C-NHEJ) or alternative end joining (ALT-EJ)], which cause distinct rearrangement junction patterns. The relative role of these EJ pathways during rearrangement formation has remained controversial. Along these lines, we have tested whether the DNA damage response mediated by the Ataxia Telangiectasia Mutated (ATM) kinase may affect the relative influence of C-NHEJ vs. ALT-EJ on rearrangement formation. We developed a reporter in mouse cells for a 0.4-Mbp deletion rearrangement that is formed by EJ between two DSBs induced by the Cas9 endonuclease. We found that disruption of the ATM kinase causes an increase in the frequency of the rearrangement as well as a shift toward rearrangement junctions that show hallmarks of C-NHEJ. Furthermore, ATM suppresses rearrangement formation in an experimental condition, in which C-NHEJ is the predominant EJ repair event (i.e., expression of the 3′ exonuclease Trex2). Finally, several C-NHEJ factors are required for the increase in rearrangement frequency caused by inhibition of the ATM kinase. We also examined ATM effectors and found that H2AX shows a similar influence as ATM, whereas the influence of ATM on this rearrangement seems independent of 53BP1. We suggest that the contribution of the C-NHEJ pathway to the formation of a 0.4-Mbp deletion rearrangement is enhanced in ATM-deficient cells.
ATM | C-NHEJ | ALT-EJ | chromosomal rearrangement C hromosomal deletion rearrangements have been identified in several cancer genome studies. For example, an analysis of cancer cell lines found somatic deletions with an average size of 0.5 Mbp, some of which caused loss of tumor suppressor genes, including PTEN and RB (1) . A likely mechanism for such rearrangements involves aberrant end-joining (EJ) repair that ligates distal ends of two different double-strand breaks (DSBs) on the same chromosome (i.e., distal EJ). Significant insight into deletion rearrangements has been derived from examining V(D)J recombination, which involves EJ repair of programmed DSBs that requires the KU70/KU80 heterodimer that binds DSB ends, DNA ligase 4 (LIG4), and the LIG4 cofactor XRCC4; they are collectively referred to as canonical (classical) nonhomologous end joining (C-NHEJ) (2) . Another C-NHEJ factor is XLF, which forms nucleoprotein filaments with XRCC4 to promote LIG4 activity as well as DSB end bridging via an apparent sliding sleeve mechanism (3, 4) .
Although C-NHEJ is critical for V(D)J recombination of programmed DSBs, the relative importance of this pathway for other EJ-mediated rearrangements is controversial (5) . Namely, another EJ repair pathway, alternative end joining (ALT-EJ), can also contribute to rearrangement formation. ALT-EJ is independent of C-NHEJ factors and mediated by LIG1 and/or LIG3 among other factors (5-7). Repair junctions mediated by these EJ pathways show distinct patterns (6) . For example, the repair junctions in C-NHEJ-deficient cells, which by definition, are mediated by ALT-EJ, show a greater frequency of deletion mutations (6) . Furthermore, the deletion junctions in C-NHEJdeficient cells also show frequent microhomology, which refers to short stretches of homology that bridge the DSB ends during EJ (6) . Several rearrangement junctions in cancer cells also show evidence of microhomology, which indicates a potential role for ALT-EJ, although microhomology is certainly not required for such rearrangements (8) . Accordingly, it is unclear from analysis of such junctions whether ALT-EJ or C-NHEJ is the predominate pathway involved in forming chromosomal rearrangements. As well, the relative role of these EJ pathways could be affected by cellular context, such as the proficiency of DNA damage response (DDR) signaling pathways.
A central DDR pathway is mediated by the Ataxia Telangiectasia Mutated (ATM) kinase, which seems to be important for EJ fidelity, because cells from Ataxia Telangiectasia patients, Atm −/− mice, and cells treated with an inhibitor of ATM kinase activity each show high levels of chromosomal aberrations (9) (10) (11) (12) . Furthermore, ATM is important to suppress aberrant joining events during both V(D)J recombination and DSB repair in Saccharomyces cerevisiae (9, 13) . ATM can phosphorylate many targets after DSB induction (11) , but one of the central ATM effector pathways involves H2AX (14) . In response to DSBs, ATM phosphorylates the histone variant H2AX at S139 (γ-H2AX) (14) , which initiates a signaling cascade to recruit several other factors to DSBs, including 53BP1 (15) . Given the importance of the ATM-mediated DDR in genome maintenance, we have sought to investigate whether the relative contribution of C-NHEJ vs. ALT-EJ on the formation of chromosomal rearrangements is influenced by this signaling pathway. We developed a reporter system in mouse cells for a 0.4-Mbp deletion
Significance
Chromosomal rearrangements, such as large deletions, can cause loss of tumor suppressor genes. Rearrangements can be formed by aberrant end-joining (EJ) repair that ligates ends from different double-strand breaks. Two distinct EJ pathways could potentially cause rearrangements [canonical nonhomologous end joining (C-NHEJ) and alternative EJ], which are mediated by different factors and cause distinct repair junction patterns. Using a reporter for a 0.4-Mbp deletion rearrangement, we found that cells deficient in the Ataxia Telangiectasia Mutated (ATM) signaling pathway show an increase in the frequency of this rearrangement and a shift toward C-NHEJ-mediated rearrangements. Thus, the relative contribution of distinct EJ pathways to rearrangement formation is affected by ATM signaling, which provides insight into the tumor suppressor function of ATM. rearrangement caused by distal EJ between two DSBs, which are induced by the RNA-guided nuclease Cas9 (16) , and have examined the influence of ATM proficiency on the contribution of C-NHEJ to this rearrangement.
Results
The Influence of C-NHEJ Deficiency on a Reporter for a 0.4-Mbp Deletion Rearrangement. We developed an EJ reporter based on green fluorescent protein (EJ6-GFP) (Fig. 1A and Fig. S1A ) to model a large-deletion (0.4-Mbp) rearrangement caused by EJ between distal ends of two tandem DSBs (distal EJ). The reporter consists of a promoterless GFP cassette that is integrated into the Pim1 gene on chromosome 17 in mouse ES cells (mESCs). The reporter also uses the promoter of the Cdkn1A gene, which is 0.4 Mbp upstream of GFP. DSBs are induced in this reporter using Cas9 (16) with two single-guide RNAs (sgRNAs): one targeting exon 1 of the Cdkn1A gene (C-sgRNA) and the second targeting a sequence upstream of GFP (G-sgRNA). Distal EJ between these two DSBs causes a 0.4-Mbp deletion rearrangement that places the GFP cassette downstream of the Cdkn1A promoter. Thus, coexpression of Cas9 with the C-and G-site sgRNAs in WT mESCs with the EJ6-GFP reporter causes an induction of GFP+ cells, which contain the expected deletion rearrangement (Fig. 1A and Fig. S1B ).
To provide a comparison with distal EJ, we also quantified EJ that uses correct ends flanking a single DSB (i.e., proximal EJ) and that causes mutagenesis at the C site using the surveyor nuclease assay (16, 17) [C-site mutagenesis (C-site mut)] (Fig. 1A and Fig. S1C ). We perform this assay using a portion of each sample, such that the rest of the sample can be used for flow cytometry analysis to determine frequency of GFP+ cells. Subsequently, we calculate the ratio of percentage of GFP+ to percentage of C-site mut (e.g., for a WT sample with 1.06% GFP+ and 8.5% C-site mut, the ratio of percentage of GFP+ to percentage of C-site mut is 12.5 × 10
−2
). Quantifying two EJ measurements from the same sample facilitates an internally controlled experiment. Certainly, this analysis does not account for precise EJ, because this EJ event is not distinct from the parental sequence, and it does not address repair by homologous recombination or chromosome loss. An additional limitation of the surveyor assay is that it may underrepresent indel mutation frequencies (SI Materials and Methods). Nevertheless, this approach provides the frequency of a 0.4-Mbp deletion rearrangement vs. mutagenic EJ events that do not cause a rearrangement.
To begin to examine the influence of C-NHEJ in this system, we integrated the EJ6-GFP reporter into Xrcc4 −/− (18) and Xlf −/− (19) mESCs, expressed Cas9 and the C-and G-site sgRNAs, and determined the frequency of distal EJ. We found that Xrcc4
, showed a modest decrease in distal EJ normalized to C-site mut compared with the WT (Fig. 1B) . When normalized to transfection efficiency, Xrcc4 −/− also shows a modest reduction compared with the WT (P value above the Bonferroni cutoff), whereas Xlf −/− showed a modest increase (Fig. 1B) . Thus, XRCC4, but not XLF, has a role in promoting distal EJ, albeit in ATMproficient cells (see below). This distinction between the two factors is consistent with XRCC4 having a greater role than XLF for V(D)J recombination (18, 20) . Notably, distal EJ is relatively lower for both Xrcc4 −/− and Xlf −/− when normalized to C-site mut vs. transfection efficiency compared with the WT (Fig. 1B) . Thus, we considered that both Xrcc4 −/− and Xlf −/− might be prone to elevated mutagenic EJ or conversely, reduced nonmutagenic EJ. A corollary of this hypothesis is that XRCC4 and XLF are required for EJ events that lack insertion or deletion mutations (no indel).
To test this hypothesis, we examined EJ repair junction patterns using amplicon sequencing of the rearrangement (distal EJ) junction from GFP+ sorted cells and found that Xrcc4 −/− and Xlf
showed a loss of rearrangement junctions with no indel (Fig.  1C ). In contrast, such EJ junctions with no indel were readily detectable in the WT (Fig. 1C) . We also sequenced amplicons of the C site (proximal EJ) from unsorted cells, although quantifying the no indel category in this analysis is not feasible, because such junctions are not distinct from a site that was never cut. In any case, for proximal EJ, we found a significant increase in junctions with >10-nt deletion mutations in Xrcc4 −/− and Xlf −/− compared with the WT (Fig. 1C) . Furthermore, for both proximal EJ and distal EJ, Xrcc4
−/− and Xlf −/− showed a substantial reduction in deletion mutations without microhomology (0-1 nt) compared with the WT (Fig. 1C) . Thus, C-NHEJ factors are important for deletion mutations without microhomology and rearrangements without indel mutations and also, suppress proximal EJ junctions with >10-nt deletions. Previous reports have found a similar influence of XRCC4 on repair junctions (6, 21).
C-NHEJ Is the Predominant EJ Repair Event in Cells Expressing the 3′
Exonuclease Trex2. We also developed a distinct experimental condition, in which C-NHEJ is the predominant EJ pathway. Specifically, we tested whether combining expression of Cas9 with the 3′ nonprocessive exonuclease Trex2 might generate DSBs that show a greater reliance on C-NHEJ for EJ repair. Our rationale is that Trex2-mediated degradation of 3′ termini might block ALT-EJ by disrupting the formation of the microhomology-mediated intermediate of this pathway. Furthermore, this approach is based on a prior report showing that coexpression of I-SceI with Trex2 caused mutagenic proximal EJ events that are dependent on C-NHEJ factors (22) .
We examined effects of Trex2 coexpression with Cas9 along with the C-and G-site sgRNAs on EJ repair junctions in WT cells using amplicon deep sequencing ( Fig. 2A and Figs. S2 and S3). We found that Trex2 expression caused a substantial increase in deletion mutations without microhomology (0-1 nt) for both distal EJ and proximal EJ junctions ( Fig. 2A and Figs. S2 and S3), which is a hallmark of C-NHEJ. Furthermore, Trex2 expression caused a significant decrease in junctions with largedeletion mutations (>10 nt) for both distal EJ and proximal EJ junctions ( Fig. 2A and Fig. S3 ). Thus, Trex2 expression causes a reduction in long-deletion mutations and conversely, an increase in deletion junctions that lack microhomology, thereby causing a shift to junctions with hallmarks of C-NHEJ.
Thus, we hypothesized that C-NHEJ-deficient cells would show defects in EJ repair under conditions of Trex2 expression. We first examined proximal EJ and found that including Trex2 expression abolished detectable levels of C-site mut in both Xrcc4 −/− and Xlf −/− cells (Fig. 2B) . We then performed complementation analysis using expression vectors for human XRCC4 and mouse XLF along with a mutant of XRCC4 (K169E) that is deficient for DNA binding (3) for an additional negative control. We found that expression of XRCC4 WT (but not K169E) in Xrcc4 −/− cells and expression of XLF WT in Xlf −/− cells each restored detectable C-site mut (Fig. 2B) . However, using amplicon deep sequencing, we detected indel mutations in a small percentage of products from such samples: 6% for Xrcc4 −/− and 5% for Xlf −/− vs. 18% for the WT ( Fig. 2A) . Notably, because indel mutation frequencies are higher in amplicon sequencing analysis vs. C-site mut (e.g., 18% and 11%, respectively, for the WT), these findings underscore that the surveyor assay may underrepresent indel mutation frequencies. From the sequencing analysis, the Xrcc4 −/− and Xlf −/− samples showed an increase in large-deletion mutations (>10 nt) and a loss of deletion mutations without microhomology (0-1 nt) compared with the WT (Fig. 2A) . Thus, the small percentage of EJ events in Xrcc4 −/− and Xlf −/− cells with a mutation at the C site showed a pattern consistent with ALT-EJ. Because mutagenic EJ is reduced in Xrcc4 −/− and Xlf −/− cells with Trex2 expression, the remainder of DSBs is likely repaired by homologous recombination as described previously (23) or may remain unrepaired.
We next examined distal EJ (i.e., percentage of GFP+ cells) in these experiments. Because proximal EJ causing C-site mut was undetectable in both Xrcc4 −/− and Xlf −/− mESCs (Fig. 2B) , we relied on another approach for normalization of distal EJ (i.e., transfection efficiency) and performed complementation analysis. We found that expression of XRCC4 WT (but not K169E) in Xrcc4 −/− and expression of XLF WT in Xlf −/− cells each caused an increase in the frequency of distal EJ (Fig. 2C) . These findings indicate that, under conditions of Trex2 expression, C-NHEJ is important for both proximal EJ causing C-site mut and distal EJ. Thus, we suggest that including Trex2 expression provides an approach to examine EJ that is predominantly mediated by C-NHEJ.
The Role of C-NHEJ on Deletion Rearrangement Formation Is Enhanced in ATM-Deficient Cells. We then sought to test the hypothesis that deletion rearrangements formed in ATM-deficient cells are primarily mediated by C-NHEJ. We performed the EJ6-GFP reporter assay without Trex2 expression in Atm −/− mESCs (24) and found that these cells showed an increase in distal EJ compared with WT mESCs (Fig. 3A and Fig. S4A ) (P value normalized to transfection efficiency above the Bonferroni cutoff). Furthermore, the fold increase in distal EJ for Atm −/− cells was more pronounced when normalized to C-site mut vs. transfection efficiency, indicating that ATM deficiency may cause an increase in EJ events with no indel mutations (Fig. 3A and Fig. S4A ). Thus, we examined rearrangement junction patterns and found that Atm −/− cells showed a marked increase in rearrangement junctions with no indel mutations (Fig. 3B) . Furthermore, these rearrangement junctions showed a decrease in large-deletion mutations (>10 nt) and an increase the frequency of deletion mutations without microhomology (0-1 nt) (Fig. 3B) . Similar findings were observed for WT cells treated with an Ataxia Telangiectasia Mutated kinase inhibitor (ATMi) (Fig. 3 A and B) (12) . Notably, transfections in this entire study without ATMi were treated with vehicle control (DMSO) to facilitate direct comparisons. These findings indicate that ATM deficiency causes an increase in deletion rearrangement frequency as well as a marked shift toward rearrangement junctions that show hallmarks of C-NHEJ.
Because the rearrangement junctions in ATM-deficient cells are consistent with a greater reliance on C-NHEJ, we next tested whether the elevated rearrangement frequency in ATM-deficient cells would persist under conditions that require C-NHEJ for EJ repair (i.e., experiments with Trex2). From these experiments, we found that Atm −/− cells showed a marked increase in distal EJ compared with WT mESCs (Fig. 3C and Fig. S4A ). We also analyzed rearrangement junctions in Atm −/− mESCs from transfections with Trex2 and found that the junction pattern is consistent with a substantial contribution of C-NHEJ, such as for WT mESCs (Fig.  3D) . Similar results were observed with WT cells treated with ATMi ( Fig. 3 C and D) and U2OS human cells treated with ATMi using a previously described reporter for distal EJ between two DSBs that causes a short-deletion rearrangement (EJ5-GFP) (Fig. S4B) (25) . Thus, ATM deficiency causes a marked increase in deletion rearrangements under conditions in which C-NHEJ is the predominant EJ pathway. We then tested the converse of this finding, namely whether effects of ATM deficiency on rearrangement formation require C-NHEJ. Specifically, we examined the effect of ATMi treatment on the frequency of distal EJ in Xrcc4 −/− and Xlf −/− mESCs. Beginning with experiments without Trex2, we found that ATMi treatment showed no effect on distal EJ in either Xrcc4 −/− or Xlf −/− mESCs, whereas such treatment in WT cells caused a twofold increase (Fig. 3E) . Similarly, in experiments that included Trex2, we found that ATMi treatment showed no effect on distal EJ in either Xrcc4 −/− or Xlf −/− mESCs (Fig. 3F) . Importantly, complementation with XRCC4 and XLF using transient expression in the respective cell lines restored the increase in distal EJ caused by ATMi treatment both with and without Trex2 expression (Fig. 3F  and Fig. S4C ). We also examined another C-NHEJ factor in this system, Ku70, using Ku70 −/− mESCs (26) and found similar results as with XRCC4 and XLF (Fig. S5) . These findings indicate that several C-NHEJ factors (XRCC4, XLF, and KU70) are required for ATMi treatment to cause an increase in distal EJ. Accordingly, the relative role of C-NHEJ on the formation of a 0.4-Mbp deletion rearrangement is enhanced by ATM deficiency.
Influence of ATM Effectors H2AX and 53BP1 on Deletion Rearrangements.
We then examined two effector proteins that are integral to the ATM-mediated DDR: H2AX and 53BP1. Using H2ax −/− mESCs (27) with the EJ6-GFP reporter without Trex2 expression, we found that H2ax −/− cells showed an increase in distal EJ, which was unaffected by ATMi treatment (Fig. 4A and Fig. S4A ) (P value normalized to transfection efficiency above the Bonferroni cutoff). As with Atm −/− cells, this increase in distal EJ was more pronounced when normalized to C-site mut, indicating that H2AX loss might also cause an increase in EJ with no indel mutations. Therefore, we examined the effect of H2AX loss on distal EJ junctions and found a similar shift as caused by ATM deficiency: an increase in rearrangements without an indel mutation, an increase in deletion mutations without microhomology, and a decrease in >10-nt deletion mutations (Fig. 4B ). These data indicate that H2AX loss causes an increase in the frequency of a 0.4-Mbp deletion rearrangement and a shift in junction patterns consistent with C-NHEJ, which are similar to the effects of ATM deficiency. We then performed experiments with Trex2 expression and found a significant increase in distal EJ in H2ax −/− cells relative to WT cells ( Fig. 4A  and Fig. S4A ). Also, transient expression of H2AX WT but not a mutant of the ATM phosphorylation site (S139A) (14) in H2ax −/− cells inhibited distal EJ in experiments with Trex2 (Fig. S6A) . ATMi treatment also caused an additional increase in distal EJ in H2ax −/− cells with Trex2 expression, but the fold effect is substantially lower than for the WT (Fig. 4A ) (2.7-vs. 5.4-fold, respectively; P < 0.002). Finally, the junction patterns from experiments with Trex2 were not substantially affected by H2AX loss compared with the WT (Fig.  4B) . These findings indicate that H2AX functions in the same pathway as ATM to suppress a 0.4-Mbp deletion rearrangement caused by C-NHEJ, although ATM shows an additional H2AX-independent role in this process.
We also examined 53BP1 by generating 53bp1 −/− mESCs by targeting Cas9 upstream of its essential Tudor domain (Fig. S6B ) (28) . Using the EJ6-GFP reporter without Trex2 expression, 53bp1 −/− showed a modest increase in distal EJ compared with the WT (Fig. 4C and Fig. S4A ) (significant increase normalized to C-site mut but not significantly different normalized to transfection efficiency). Importantly, ATMi treatment of 53bp1 −/− caused a significant increase in distal EJ that was similar to the effect of ATMi on the WT (Fig. 4C) . Analogous results were found using the Trex2 approach (Fig. 4C and Fig. S4A ). We also examined the distal EJ junctions in 53bp1 −/− and found a distinct pattern: the frequency of rearrangements with no indel mutations was increased compared with the WT, whereas the frequency of deletion mutations without microhomology (0-1 nt) was markedly reduced (Fig. 4B) . In contrast, 53bp1 −/− cells treated with ATMi showed a similar junction pattern as WT cells treated with ATMi (Figs. 3B  and 4B) . We also generated and tested a 53bp1 −/− Xlf −/− EJ6-GFP reporter line (Fig. S6B) . We found that XLF expression had no effect on distal EJ in the 53bp1 (Fig. 4D) . In contrast, for 53bp1 −/− Xlf −/− mESCs treated with ATMi, XLF expression caused a substantial increase in distal EJ (Fig. 4D) , such as for Xlf −/− cells (Fig. S4C) . These results indicate that the influence of XLF on distal EJ is similar between 53bp1 −/− and WT cells. Thus, loss of 53BP1 does not cause an obvious increase in the relative role of C-NHEJ in rearrangement formation. In summary, these results indicate that the influence of ATM on the formation of a 0.4-Mbp deletion rearrangement is independent of 53BP1. Finally, we examined two small molecule inhibitors and found that a DNA-dependent protein kinase (DNA-PKcs) inhibitor (NU7441) caused a modest increase in distal EJ normalized to C-site mut, whereas a poly ADP-ribose polymerase inhibitor (olaparib, which we confirmed inhibits ALT-EJ) did not cause substantial effects on distal EJ (Fig. S7) .
Discussion
Defining the pathways that contribute to chromosomal rearrangement formation is important to understand the etiology of cancer and the cellular response to clastogenic cancer therapeutics. Rearrangement junctions from cancer cells show patterns consistent with a mixture of ALT-EJ and C-NHEJ, such that the relative contribution of these pathways to rearrangement formation has been unclear (5). Using an assay for a large-deletion (0.4-Mbp) rearrangement, we have presented evidence that disruption of the ATM-mediated DDR causes an increase in the relative contribution of the C-NHEJ pathway to this rearrangement. Thus, although C-NHEJ is important for genome stability, this pathway may nevertheless facilitate cancer-associated rearrangements, particularly in cells with a defective ATM-mediated DDR. Consistent with this notion, inherited and somatic mutations in ATM have been associated with several types of cancer (29) .
The role of C-NHEJ on chromosomal rearrangement formation has been controversial. XRCC4 was shown to promote a 3.2-kb deletion rearrangement between two I-SceI-induced DSBs in hamster cells (6) . Similarly, XRCC4 and LIG4 have been shown to promote chromosomal rearrangements in human cells, specifically short intrachromosomal deletions and translocations that are induced by two DSBs using pairs of TALEN or Cas9 nucleases (21) . However, the findings of these studies contradict a report in mouse cells showing that XRCC4 suppresses the formation of chromosomal translocations induced by I-SceI (30) . Accordingly, the role of C-NHEJ in chromosomal rearrangements has been proposed to be species-specific (21) . Although the role of C-NHEJ in chromosomal rearrangement formation may show some species-specific differences for individual rearrangement types, our findings indicate that the proficiency of the ATM-mediated DDR of a particular cell type can significantly influence the relative role of XRCC4 and other C-NHEJ factors on rearrangement formation.
Another implication of our findings is that the ATM-mediated DDR seems to regulate C-NHEJ to limit aberrant EJ events. Namely, ATM loss causes not only a shift toward junction patterns consistent with C-NHEJ but also, an increase in the frequency of C-NHEJ events that cause rearrangements. Indeed, under experimental conditions where C-NHEJ is the predominant repair event (i.e., Trex2 expression), we find that ATM deficiency causes a substantial increase in the frequency of distal EJ. ATM could suppress aberrant C-NHEJ events by several mechanisms, including ensuring that DSB ends are properly paired before assembly of the complete functional C-NHEJ complex. We suggest that defining the phosphorylation targets of ATM important for suppressing aberrant C-NHEJ will be important for understanding the etiology of chromosomal rearrangements.
Along these lines, we examined two central ATM targets, H2AX and 53BP1. We found that H2ax −/− cells showed a very similar EJ phenotype as ATM-deficient cells: an elevated frequency of distal EJ and a shift in the rearrangement junction pattern toward C-NHEJ. H2AX also appears to function in the same pathway as ATM, because the fold effect of ATMi treatment on distal EJ was diminished in H2ax −/− cells. Furthermore, an H2AX mutant with loss of the ATM phosphorylation site (S139A) failed to suppress distal EJ. Consistent with an elevated role for C-NHEJ in H2AX-deficient cells, H2ax −/− Xlf −/− mice have been shown to be embryonic lethal, whereas the single mutants are viable (20) . Furthermore, H2ax −/− mice show elevated chromosomal translocations caused by V(D)J recombination (31), similar to ATM-deficient mice (9, 11) . Our findings may seem inconsistent with a report showing elevated end degradation of V(D)J recombination intermediates in H2ax −/− cells; however, the repair of these DSBs requires nuclease cleavage to open the hairpin coding ends (32) , which are distinct from Cas9-induced DSBs. Although the precise role of H2AX in limiting aberrant C-NHEJ is unclear, γ-H2AX can spread for several kilobases from DSBs (33) and thereby, mediate an expansive DDR signal that could contribute to the regulation of C-NHEJ.
We also found that 53BP1 has a distinct influence on rearrangement formation compared with ATM. For one, we observed an increase in microhomology use at the junctions in 53bp1 −/− cells, which may represent elevated ALT-EJ. Furthermore, ATMi treatment had a similar effect on 53bp1 −/− cells as on the WT, and the influence of XLF on distal EJ was not affected by loss of 53BP1. These findings indicate that the influence of ATM on suppressing deletion rearrangements is independent of 53BP1. Although the deletion rearrangement modeled in our study does not require 53BP1, this factor has been shown to be important for other types of chromosomal rearrangements: fusion of dysfunctional telomeres and class switch recombination (28) . However, the chromosomal contexts of these rearrangements are distinct. Namely, dysfunctional telomeres are one-sided DSBs and hence, lack an appropriately paired DSB end for proximal EJ that could compete with the telomere fusion event. As well, the rearrangements caused by class switch recombination seem to involve a higher-order chromosome structure to favor the rearrangement (34) . In conclusion, we suggest that the relative influence of C-NHEJ on chromosomal rearrangement formation is magnified in cells deficient in ATM and H2AX but not 53BP1.
Materials and Methods
Cell Lines and Plasmids. The WT mESC line was from ATCC (J1). The Xrcc4 , and Atm −/− mESCs were previously described (18, 19, 24, 26, 27) . The 53bp1 −/− and 53bp1 −/− Xlf −/− mESC lines were generated using Cas9-mediated gene editing (Fig. S6B) . The pimEJ6-GFP reporter was derived from pimEJ5-GFP and used for Pim1 targeting of the mESC lines (7) . The sgRNA/Cas9 plasmids were derived from px330 (16) (Addgene 42230 deposited by Feng Zhang) (sgRNA sequences in Fig. S1A ). The pCAGGS-BSKX (EV), pCAGGS-Trex2, pCAGGS-KU70, and pCAGGS-XRCC4 plasmids were previously described (7, 23) , and the latter used to add an HA tag and generate the K169E mutant. The pCAGGS-Xlf plasmid was derived from the Mammalian Gene Collection clone 8243.
DSB Reporter Assays. mESCs (0.5-2 × 10 5 ) were plated on a 12-well plate and subsequently transfected with 1.2 μg total plasmid (each in equal amounts) using 3.6 μL Lipofectamine 2000 (Invitrogen/Thermofisher) in 1 mL antibiotic-free media. Transfection media were removed after 4 h and replaced with media containing either ATMi (12) (10 μM KU55933; EMD Millipore 118500 or Selleckchem S1092) or vehicle (DMSO). Three days posttransfection, a portion of the sample was used to determine GFP+ frequencies by flow cytometry. With the rest of the sample, genomic DNA was purified for quantifying mutation of the C-sgRNA site using the Surveyor Mutation Detection Kit (IDT#706020) (SI Materials and Methods). Repair frequencies normalized to transfection efficiency used parallel transfections with pCAGGS-NZE-GFP. Similar transfections were used for immunoblotting analysis (SI Materials and Methods). Each repair value is the mean of at least three independent transfections, error bars reflect the SD, and statistics were performed with the unpaired t test with Bonferroni correction. Amplicon deep sequencing analysis was performed using the Illumina HiSeq2500 platform (SI Materials and Methods).
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